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STREAM FACTORS AFFECTING
BRYOPHYTE PHYSIOLOGY AND GROWTH

Figure 1. Tolliver Run, Garrett Co., MD, USA, step falls showing Scapania undulata on the wet rocks of the falls. Photo by
Janice Glime.

pH and Alkalinity
The pH is a measure of the H+ concentration. It is
expressed as the negative log, i.e., it is the denominator of a
fraction. Therefore, the lower the number, the higher the
concentration of H+. The lowest possible pH is 0, the
highest is 14; 7 is neutral.
pH = -log[H+]
Thus, pH is the base-10 logarithm of the hydrogen ion
concentration in moles per liter solution.
Alkalinity is the capacity of water to resist changes in
pH that would make the water more acidic, i.e., its
buffering capacity. Alkalinity is the strength of a buffer
solution composed of weak acids and their conjugate bases.
This explains why juices like cranberry juice and orange

juice can alkalinize your body. The juices are weak acids
providing that buffering capacity.
Alkalinity and pH are products of the underlying
substrate, but can be buffered by things dissolved in the
water and affected by runoff and air pollution. Nitrates and
CO2 in the rain can alter the pH when they become
dissolved in the water. The latter explains why the pH of
distilled water drops when it is exposed to the air.
The pH varies throughout the year and throughout the
day. Respiration at night can lower the pH, whereas
photosynthesis during the day can raise it as the plants and
algae absorb the CO2 for photosynthesis. These same
activities are dependent on temperature and thus can
exhibit seasonal differences. Furthermore, since CO2 is a
gas, it remains in cold water longer than in warm water, a
reason for keeping your soft drinks cold. This additional
time for keeping CO2 in the water seems to explain the
presence of some mosses in really cold glacial melt streams
traversing alkaline substrata (e.g. Glime & Vitt 1987).
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Even snow contributes to changing the pH of a stream,
creating another seasonal variation. For example, during
the winter of 1977-78 the snow pack in central Ontario had
a pH of 4.0-4.5 (Jeffries et al. 1979). The following spring,
the runoff experienced a 2-13-fold increase in H+ content,
consequently experiencing a lower pH. Runoff from
agriculture and changes in forest drainage patterns can also
modify the pH (Ramberg 1981; Neal et al. 1992).
Substrate is the most important natural factor
contributing to the acidity and alkalinity. For example, east
of the Weichselian terminal moraine in Denmark, the
streams are alkaline and resist acidification from various
inputs (Rebsdorf et al. 1991). West of the moraine, the
sandy soils are leached; alkalinity is lower, and the belief
was that even these streams could not be acidified.
Nevertheless, over a 12-year period the pH dropped each
year, as did the alkalinity. These occurrences coincided
with an increase in free CO2 in the water – 7.9 times that
found if the water is in equilibrium with the air. The
researchers suggested that the acidification was from
atmospheric deposition.
CO2 in water can form
bicarbonates (HCO3−) with the water, releasing H⁺ ions and
lowering the pH. Dissolved CO2 is important for aquatic
photosynthesis, especially in bryophytes, as will be
revealed in a later subchapter.
Acidification due to pollution has permitted before and
after studies on a relatively large scale. In one of these in
the Vosges Mountains of northeastern France, Thiebaut et
al. (1998) compared six chemical variables and their effects
on bryophyte communities. They found 19 species at 31
study sites. Ca2+ and Mg2+ had the most impact on the
distribution, with a lesser effect from pH and Al. Both
calcium and magnesium can form buffers in the water. The
acidophilous leafy liverwort Marsupella emarginata
(Figure 2) seems to be sensitive to high concentrations of
cations (ions with positive charge) such as Ca2+ and Mg2+.
The neutrophilous Platyhypnidium riparioides (Figure 3)
reacts little to acidity, but appears to be sensitive to protons
or Al.

Figure 2. Marsupella emarginata, a species sensitive to
high concentrations of cations. Photo by Hermann Schachner,
through Creative Commons.
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Figure 3. Platyhypnidium riparioides, a species that exhibits
little reaction to acidity, but is sensitive to protons and Al. Photo
by Michael Lüth, with permission.

Tremp and Kohler (1993) found that aquatic mosses
were reliable indicators of the acidity of buffered waters in
rivers. Through this and other studies we know that pH is
an important factor in determining if a habitat is suitable
for a particular bryophyte species. And conversely,
bryophytes are good indicators of the acidity or alkalinity
of a stream.
In comparing the effects of soil and water parameters
(sand, clay, K, Fe, Mg, P, Ca, pH) on bryophyte species
diversity in 11 Canadian Rocky Mountain steams, Glime
and Vitt (1987) found that only pH had an effect, and that it
was significantly evident (α=0.05) only for the stream
bank. The vegetation in these streams is strikingly
different from that found in Appalachian Mountain
streams. This coincides with the basic Canadian Rocky
Mountain streams vs the acidic Appalachian Mountain
streams in the eastern US. Suren and Ormerod (1998),
working in Himalayan streams, found that alkalinity was a
statistically significant contributing factor in determining
bryophyte community composition and cover.
Most streams in the Appalachian Mountain range,
USA, are acidic, but pollution has increased that acidity.
Stephenson et al. (1995) examined the effects of
acidification on the bryophyte communities in West
Virginia. They noted that bryophytes often respond sooner
to changes in water chemistry compared to tracheophytes.
Using line transects and stratified random sampling in six
streams, they identified three groups of species: basic,
moderately acidic, and very acidic. In sandstone beds, the
diversity decreased with the acidity. At pH 3.15, no
bryophytes were present. Scapania undulata (Figure 4)
exhibited the highest tolerance to moderately and highly
acidic streams, a tolerance also known from Europe and
Japan. However, after three months, even these bryophytes
exhibited ultrastructural damage when transplanted from a
stream with pH 5.97 to one with 3.15. They cautioned that
two of the streams with the most acidic conditions received
acid mine drainage, resulting in very high levels of SO4-2
and Al in addition to dissolved solids.
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Figure 4. Scapania undulata, a species that is highly
tolerant of acidity. Photo by Hermann Schachner, through
Creative Commons.

Tessler et al. (2013) found that narrow low pH niches
were exhibited by the moss Andreaea rothii (Figure 5) and
leafy liverwort Marsupella emarginata (Figure 2) or
neutral mosses Hygrohypnum ochraceum (Figure 6) and
Racomitrium aciculare (Figure 7).
Hygrohypnum
eugyrium (Figure 8), on the other hand, had relatively
broad pH tolerance. In the streams studied, latitude,
longitude, altitude, and dissolved Ca and Mg were
important factors in the location of a species. The pH had a
significant correlation with P. Fontinalis cf. dalecarlica
(Figure 9-Figure 10) had the most pronounced pH
preference, preferring a lower pH.

Figure 5. Andreaea rothii with capsules, a species with a
narrow low pH niche. Photo by David T. Holyoak, with
permission.

Figure 6. Hygrohypnum ochraceum, a species with a
narrow niche around a neutral pH. Photo by Paul Wilson, with
permission.

Figure 7. Racomitrium aciculare, a species with a narrow
niche of a neutral pH. Photo by Michael Lüth, with permission.

Figure 8. Hygrohypnum eugyrium, a species with a
relatively broad pH tolerance. Photo by Hermann Schachner,
through Creative Commons.

Figure 9. Fontinalis dalecarlica habitat at Highlands, NC,
USA, a species with a strong preference for lower pH levels.
Photo by Janice Glime.
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Figure 10. Fontinalis dalecarlica, a species with a strong
preference for a lower pH. Photo by Jean Faubert, with
permission.

Glime and Vitt (1987) found distinctly different
species in the 11 alkaline streams in the Canadian Rockies
compared to those in the acidic Adirondack streams in
eastern USA. The alkaline Canadian Rockies streams were
dominated by the mosses Cratoneuron filicinum (Figure
11), Fissidens grandifrons (Figure 12), and/or
Hygrohypnum bestii (Figure 13) (Glime & Vitt 1987).
The acidic Adirondack streams were dominated by the
mosses Fontinalis spp. (Figure 9-Figure 10),
Hygrohypnum spp. (Figure 6), Brachythecium spp.
(Figure 14), Platyhypnidium riparioides (Figure 3), and/or
Hygroamblystegium tenax (Figure 15) (Slack & Glime
1985; Glime & Vitt 1987). In the mid Appalachian
Mountains, USA, Glime (1968) grouped streams according
to the dominant bryophyte(s). She found in the Fontinalis
dalecarlica (Figure 9) streams (Figure 16): Fontinalis
(especially F. dalecarlica) and some occurrences of
Scapania undulata (Figure 1, Figure 4); in the
Hygroamblystegium fluviatile (Figure 17) streams (Figure
18):
also Platyhypnidium riparioides (Figure 19,
Hygroamblystegium tenax, Amblystegium varium (Figure
20), Brachythecium plumosum (Figure 14), and
Brachythecium rivulare (Figure 21); in the Hygrohypnum
streams: Hygrohypnum spp. (Figure 6); and the leafy
liverwort Scapania undulata (Figure 4) streams.

Figure 11. Cratoneuron filicinum, a dominant species in
alkaline streams of the Canadian Rockies. Photo by David T.
Holyoak, with permission.
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Figure 12. Fissidens grandifrons, a dominant species in
alkaline streams of the Canadian Rockies. Photo by Scot Loring,
through Creative Commons.

Figure 13. Hygrohypnum bestii, a dominant species in
alkaline streams of the Canadian Rockies. Photo by Luke
Armstrong, through Creative Commons.

Figure 14. Brachythecium plumosum, one of the dominant
species in acidic Appalachian streams. Photo by Michael Lüth,
with permission.

2-1-6

Chapter 2-2: Stream Factors Affecting Bryophyte Physiology and Growth.

Figure 15. Hygroamblystegium tenax, one of the dominant
species in acidic Appalachian streams. Photo by Hermann
Schachner, through Creative Commons.
Figure 18. Ginseng Run, Garrett CO, Maryland, USA, a
Hygroamblystegium fluviatile stream. Photo by Janice Glime.

Figure 16. A Fontinalis stream, Muddy Creek, Garrett Co.,
Maryland, USA. Photo by Janice Glime.

Figure 19. Platyhypnidium riparioides, one of the more
common species in some acidic Appalachian Mountain
Hygroamblystegium fluviatile streams. Photo by Michael Lüth,
with permission.

Figure 17. Hygroamblystegium fluviatile, the dominant
species in some acidic Appalachian Mountain streams. Photo by
Michael Lüth, with permission.

Figure 20. Amblystegium varium, one of the common
species
in
some
acidic
Appalachian
Mountain
Hygroamblystegium fluviatile streams. Photo by Bob Klips, with
permission.
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Figure 21. Brachythecium rivulare, the common species in
some acidic Appalachian Mountain streams. Photo by Michael
Lüth, with permission.

Virtanen et al. (2009) found that bryophyte
assemblages of boreal springs exhibited distinct differences
based on temperatures and water chemistry, including pH.
They compared these to the important variables for the
chironomids (midge larvae) and found that these insects
likewise were separated based on temperature, but that
water chemistry had little importance. Instead, the physical
parameters were more important. The bryophytes clearly
did not serve as good surrogates for midge communities.
When Lang and Murphy (2012) identified four
community drivers for bryophytes in high-latitude
headwater streams in Scotland, they were able to identify
two assemblages based on pH relations. The acidsensitive, base-poor indicators are Scapania undulata
(Figure 4) and Hygrohypnum ochraceum (Figure 6).
Calcareous and mineral-rich indicators are Chiloscyphus
polyanthus (Figure 22-Figure 23) and Hygrohypnum
luridum (Figure 24).
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Figure 23. Chiloscyphus polyanthos, a species that prefers
mineral-rich streams. Photo by Barry Stewart, with permission.

Figure 24. Hygrohypnum luridum, a mineral-rich indicator.
Photo by Hermann Schachner, through Creative Commons.

In the Arctic stream, Imnavait Creek, there are pools
up to 2 m deep, connected by narrow channels, known as a
beaded stream (Oswood et al. 1989). Weathering is
limited and the bedrock contributes little to the ionic
composition of the stream water. The pH ranges 5.3 to 6.1
and alkalinity is low. The pools and channels are
dominated by peat, with only occasional rock and moss
substrates. When water flow is low in the summer, the
pools become isolated. In this case, snowmelt is the major
contributor to ions.

CO2 Relationships

Figure 22. Chiloscyphus polyanthos habitat in a mineralrich stream. Photo by A. Neumann, through Creative Commons.

Whereas terrestrial bryophytes benefit from CO2
emitted by soil organisms and ground-level decay, aquatic
bryophytes are limited by the CO2 that can dissolve in the
water, a problem also for the algae (Bain & Proctor 1980;
Gross 2000). This CO2 availability is governed by the pH
of the water. Hence, at a pH of less than 6.3, half or more
of the CO2 is available as carbonic acid, which can
dissociate to form CO2 and H2O (Figure 25). Although a
number of tracheophytic aquatic plants can use the
bicarbonate form (HCO3-), it does not seem that bryophytes
have that ability. Nevertheless, they are able to exist at pH
levels at which carbonic acid and free CO2 would not exist.
But how?
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Figure 25. Bicarbonate equilibrium and potential sources of
CO2 through a pH range. Modified from <Ion.chem.usu.edu>.

One possible factor in the CO2 availability in streams
is turbulence. Splashing water running through rapids
might temporarily trap atmospheric CO2 (see Zappa et al.
2007; Alin et al. 2011). High flow rates help to maintain
CO2 levels among the aquatic plants (Sand-Jensen &
Pedersen 1999). Yet the effect of these turbulent processes
on CO2 availability to bryophytes and other photosynthetic
organisms remains unknown, with almost no data on the
effect of turbulence on CO2 content in stream water (Alin
et al. 2011; Kokic et al. 2018), except to discuss its loss. I
was surprised to find that streams generally have a net
release of CO2 into the atmosphere (Horgby et al. 2019),
suggesting that in general CO2 should not be limiting. In
fact, mountain streams, a favorite habitat for aquatic
bryophytes, appear to have a higher than average CO2
emission rate than the much more studied streams at lower
altitudes, due in part to the additional turbulence at higher
elevations with steeper slopes, accounting for 10-30% of
the CO2 emissions from fluvial networks (Horgby et al.
2019). Oquist et al. (2009) demonstrated that in the
headwater streams they studied, about 65% of the dissolved
organic carbon in the groundwater was lost to the
atmosphere within 200 m of the source. Van Geldern et al.
(2015) similarly found a pCO2 decline of 84% within 7 km
downstream of a spring. The colder the water, the longer
that CO2 can remain in the water before it returns to the
atmosphere (Marx et al. 2017).
Headwaters, in particular, emit high levels of CO2 to
the atmosphere (Duvert et al. 2018). Carbonate rocks are
the primary sources of the CO2 emissions from streams
(Duvert et al. 2018; Horgby et al. 2019) and at the same
time can provide CO2 to the bryophytes living on them,
ready to capture what is needed for photosynthesis before
the gas escapes to the surface and the atmosphere.
Turbulence greatly contributes to the escape of this CO2 at
the surface (Kokic et al. 2018). But to what extent can this
turbulence capture CO2 from the atmosphere and make it
available to bryophytes in alkaline streams that lack the
carbonate rock sources? This question still seems not to
have been answered.
Another factor is that CO2 reacts with the water to
form carbonic acid (H2CO3). If the pH is appropriate (see
Figure 25), the carbonic acid can subsequently lose protons
to form bicarbonate (HCO3-). At still higher levels of pH,
the equilibrium shifts to carbonate (CO32-). This suggests

that mosses in rapid, cold water might gain sufficient CO2
to take it in and conduct photosynthesis, even when the
water is in the higher pH range. But this is guesswork.
Keeley et al. (1986) concluded that photosynthetic pathway
did not cause differences in their Δ13C values. Although
CAM plants (which are unknown among bryophytes)
derive up to half their net carbon gain through dark
fixation, their Δ13C is similar to that of associated nonCAM plants, apparently because the CAM carbon source
for dark CO2 uptake is CO2 released from organic carbon
by decomposition, or by respiration.
Sanford et al. (1974) found that Hygrohypnum
ochraceum (Figure 6) was abundant in riffles in the
Sacramento River. Its growth was related to water
temperature, current velocity, and dissolved CO2. These
researchers found that as they increased CO2 in
experiments, the mean elongation increased. This was
supported by observations that the moss was less abundant
in areas of the river where there was a lower CO2
concentration. They also concluded that bacterial flora
produced CO2 that could be used by the mosses.
Physical factors can alter the CO2. Neel (1951) and
Minckley (1963) demonstrated that in small Kentucky,
USA, streams the CO2 in the water increased and oxygen
decreased in water as it passed through small pools. CO2
can also be contributed by rainwater, soil runoff, CaCO3
from limestone rocks.
pH
Since pH is so important in CO2 availability, we
should expect liming to have negative effects on the
bryophytes. Brandrud (2002) investigated this relationship
in lakes and rivers of Sweden and Norway. Brandrud
found that liming favored acid-sensitive species such as
some Fontinalis (Figure 9-Figure 10). The most sensitive
bryophyte species exhibit a critical level at pH of about 5.5,
a level that corresponds to a shift to bicarbonate (HCO3-).
The more acidiphilous bryophytes such as the liverwort
Nardia compressa (Figure 26-Figure 27) and peatmoss
Sphagnum auriculatum (Figure 28) have declined with
liming, and direct exposure to lime deposits usually kills
them. However, submerged Sphagnum mats have, in some
situations, temporarily increased in response to liming.
Brandrud suggested that this temporary increase was due to
the increased production of CO2.

Figure 26. Nardia compressa habitat with an acidic pH.
Photo by Hermann Schachner, through Creative Commons.
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Figure 27. Nardia compressa, a species of acidic streams.
Photo by Hermann Schachner, through Creative Commons.
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When sampling 108 streams in Nepal at over 3000 m,
Suren and Ormerod (1998) found that bryophyte
communities were highly correlated with altitude,
streambed stability, and alkalinity.
Tessler et al. (2013) asked if pH matters for diversity
and distribution of stream bryophytes. They found that in
addition to latitude, longitude, and altitude, dissolved Ca
and Mg were important factors, indicating that alkalinity
was important. Furthermore, tissue P was correlated with
pH. Fontinalis cf. dalecarlica (Figure 9-Figure 10)
occurred in the lowest pH sites in some locations, but
seemed to be indifferent to pH over the range of 4-7 in
experiments. Similar differences between sites occurred in
Scapania undulata (Figure 4). Hygrohypnum ochraceum
(Figure 6) seemed indifferent to pH, with maximum
PMEase activity at pH 5.0 regardless of collection location.
Narrow pH optima were exhibited by a number of
bryophytes. At low pH, one could find Andreaea rothii
(Figure 30) and Marsupella emarginata (Figure 31).
Neutral waters included species such as Hygrohypnum
ochraceum (Figure 6) and Racomitrium aciculare (Figure
7). Hygrohypnum eugyrium (Figure 8), on the other hand,
had a relatively broad pH tolerance.

Figure 28. Sphagnum auriculatum, a species of acidic
habitats and that is intolerant of liming. Photo by Bernd Haynold,
through Creative Commons.

Although substratum size and stability seem to be the
most important factors in determining bryophyte
abundance, Catteneo and Fortin (2000) found that pH
accounted for 9% of the variation in stream bryophyte
communities in the Quebec Laurentian Mountains, Canada.
The bryophytes exhibited a negative correlation with the
filamentous Cyanobacterium Stigonema (Figure 29), a
relationship that may have reflected competition promoted
by different pH optima.

Figure 29. Stigonema ocellatum, in a genus that tends to
have a negative correlation with bryophytes based on pH
relationships. Photo by Yuuji Tsukii, with permission.

Figure 30. Andreaea rothii with capsules, a species that
does well at a low pH. Photo by David T. Holyoak, with
permission.

Figure 31. Marsupella emarginata, a species that does well
at a low pH. Photo by Hermann Schachner, through Creative
Commons.
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Ormerod et al. (1987) found that in upland Welsh
streams, Scapania undulata (Figure 4), Nardia compressa
(Figure 26-Figure 27), and filamentous green algae were
typical in streams with a mean pH of 5.2-5.8. Fontinalis
squamosa (Figure 32) preferred somewhat higher levels of
pH 5.6-6.2, with the red alga Lemanea (Figure 33)
occurring at pH 5.8-7.0.

Platyhypnidium riparioides (Figure 3, Figure 19) occurs in
neutral water, but both disappear after acid and neutral
waters meet. Only Scapania undulata (Figure 4) occurred
in waters with >10% aluminum on a dry weight basis.

Figure 32. Fontinalis squamosa, a species that prefers an
acid pH range closer to neutral. Photo by Jan-Peter Frahm, with
permission.

Figure 34. Solenostoma vulcanicola habitat, a very acid
stream. Photo courtesy of Angela Ares.

Figure 33. Lemanea fluviatilis, a red alga; one species
prefers an acid pH range close to neutral. Photo by J. C. Schou,
with permission.

In Ontario, Canada, Yan et al. (1985) found no
relationship between tracheophyte richness and pH in
lakes, but a negative relationship of pH with bryophyte
richness. This again suggests a CO2 relationship.
Satake and Shibata (1986) took a different approach to
the pH relationship of bryophytes. They showed that
bacterial invasion of the cell wall of the leafy liverwort
Scapania undulata (Figure 4) did not differ in acidic and
near-neutral waters. Thus, it appears that decomposition
would occur equally well in both acidic and near-neutral
waters.
Satake et al. (1989) documented the change in pH
resulting from inflow of neutral water from tributaries, thus
raising the pH nearer to the mouth. In less acidic reaches,
aluminum becomes less soluble. Solenostoma vulcanicola
(Figure 34-Figure 35) is quite tolerant of the acidic water;

Figure 35. Solenostoma vulcanicola removed from the
clump under it. Photo by courtesy of Angela Ares.

CO2 and Boundary Layer Resistance
Green and Lange (1995) note that bryophytes are
considered ectohydric because of their uptake of water
over the entire or nearly entire surface. They found that for
Monoclea forsteri (Figure 36), the gas-phase CO2 diffusion
pathway is composed only of the boundary-layer
resistance. Proctor (1981) determined that the boundarylayer resistance can be increased in leafy liverworts and
mosses by growth forms in clumps or turfs.
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Mägdefrau (1982) considered there to be two life
forms in flowing water, "determined by the degree of
adaptability to the stationary boundary layer (Prandtl layer)
between rock and flowing water." Water flows over dense
cushions where the surface of the moss cushion is in the
zone of the stationary boundary layer. Loose moss
assemblages such as Platyhypnidium riparioides (Figure 3,
Figure 19) project over the boundary layer of the rock and
into the rapidly flowing water.
Microbial CO2

Figure 36. Monoclea forsteri, a species for which the gasphase CO2 diffusion pathway is composed only of the boundarylayer resistance. Photo by Clive Shirley, Hidden Forest
<www.hiddenforest.co.nz>, with permission.

Jenkins and Proctor (1985) used wind tunnel
measurements to estimate the boundary-layer resistance of
aquatic bryophytes for CO2 diffusion. They found that at
water velocities between 0.02 and 0.2 m s-1, resistances
were 35 to 5 S mm-1 and 70 to 9 S mm-1 (S = measure of
conductance; Siemens; it is a measure of water’s capability
to pass electrical flow and is directly related to the
concentration of ions in the water), respectively for the
mat-forming leafy liverworts Nardia compressa (Figure
26-Figure 27) and Scapania undulata (Figure 1, Figure 4).
In this same range of water velocities, the streamer moss
Fontinalis antipyretica (Figure 37) has a CO2 boundarylayer resistance of ~180 and 15 S mm-1. In F. antipyretica,
boundary-layer resistance seems to limit photosynthesis at
velocities below 0.01 m s-1, whereas in mat-forming
species it is limiting below 0.1 m s-1. Jenkins and Proctor
suggest that the high leaf-area index of the mat formers
provides them a more effective exploitation of the low
boundary-layer resistance at high velocities while
providing them a growth form that is relatively
invulnerable to drag. Fontinalis, on the other hand, is able
to maximize surface area with its streamer growth form in
conditions where boundary-layer resistance is limiting.

Figure 37. Fontinalis antipyretica, a species in which
photosynthesis is limited by boundary-layer resistance. Photo by
Andrew Spink, with permission.

Where there is organic matter, there are microbes.
These microbial communities contribute CO2 to the stream
environment through respiration. The rate of release of
CO2 from the microbes increases with temperatures within
normal stream range (Vincent & Howard-Williams 1989).
On the other hand, rate of release of CO2 from the water to
the air increases with temperature, resulting in a longer
residence time in cold water. Vincent and HowardWilliams found that in the three communities they studied
in Victoria Land, Antarctica, net loss of carbon from the
streams either was induced or even worsened when the
temperature was increased from 0 to 10ºC. Thus, in really
cold alpine or glacial melt streams, CO2 can remain in the
water for a longer time, giving bryophytes a chance to
capture it for photosynthesis.
I have to assume that microbes are important
contributors to the CO2 environment of the stream
bryophytes. Bryophytes trap silt, with much contained
organic matter and microbes, and they provide a substrate
for periphyton, including algae, bacteria, and
Cyanobacteria. Both of these are sources of CO2. Our
understanding of the relationship of any aquatic plants with
periphyton has been limited by our inability to find suitable
methods to measure their photosynthesis separately.
Hence, to my knowledge, we are unable to give accurate
measurements of the contributions of periphyton to the CO2
used by the bryophytes.
As already noted, Sanford et al. (1974) suggested that
microbial CO2 contributed to the success of the moss
Hygrohypnum ochraceum (Figure 6) in parts of the
Sacramento River.
But measured contributions of
microbial CO2 to stream bryophytes seems to have been
neglected by researchers.
Even if we measure periphyton CO2 intake and output
on glass slides or other non-living substrates, it does not
mean that the same would occur on the bryophytes.
Bryophytes can rapidly take up the CO2, altering the
diffusion gradient at the surface. Bryophytes provide
oxygen that can enhance the productivity of the bacteria.
Other nutrient interactions may occur, such as the
production of usable nitrogen compounds by the
Cyanobacteria that can enhance productivity of both the
bryophytes and the other periphyton.
Once again, we are left with a dilemma. Bryophytes in
alkaline glacial meltwater streams have less opportunity to
accumulate detritus and siltation, often living among rocks
and boulders with little organic accumulation in the rapid
flow. Once again we are left with no explanation of the
source of CO2 for photosynthesis for such bryophytes.
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Diving Bell
One novel idea is that mosses may use their
photosynthetic air bubbles like a diving bell. It is typical to
find photosynthesizing aquatic mosses covered in tiny air
bubbles, a phenomenon known as pearling (Figure 42). If
they are able to work like a diving bell, the bubble with a
high concentration of photosynthetic O2 would trade its O2
for CO2 that is dissolved in the water, thus creating a
gaseous environment containing CO2 at the leaf surface.
Such mechanisms are used, in reverse, to keep diving
insects and spiders alive under water, sometimes as long as
an hour. But the insects carry their "bells" of oxygen-rich
air under water, then breathe in O2 and expel CO2. As the
O2 concentration diminishes, more diffuses into the diving
bell from the water, and the CO2 from their respiration
diffuses from the diving bell into the water. The same
mechanism should work for bryophytes that produce their
own bubble through photosynthesis, but this mechanism
assumes that there is free gaseous CO2 in the water column,
not bicarbonate or carbonate. Thus, if it works at all, it
presumably works only at lower pH levels where free CO2
exists ... or perhaps where microbial contributions are
available. We still have no explanation for CO2 sources for
bryophytes in alkaline water

Nutrient Availability
The nutrients available to the river mosses come from
river substrate and human contributions (García-Alvaro et
al. 2000). One potential source of nutrients in streams is
from litter fall. However, Dawson (1976) found that
passage from stream banks to the stream was insignificant
because the bank vegetation was able to trap the litter.
Nevertheless, leaves do enter the stream when the bank
does not have suitable vegetation to trap it. It especially
accumulates behind rocks (Figure 38.

concentrations of suspended solids. This strong diel
periodicity created harsh, unstable environmental
conditions during summer. Winter in the glacial-fed
stream, on the other hand, created relatively stable
conditions.
García-Alvaro et al. (2000) found that there was a
strong correlation between element concentrations in the
water and that in the moss Platyhypnidium riparioides
(Figure 3, Figure 19). This relationship is linear for N, P,
and K, but is similar to Michaelis-Menten saturation-type
curve for Ca and Mg. Furthermore, the enrichment ratios
in the moss are much higher for N, P, and K than for Ca
and Mg.
In fact, when Ca and Mg are in high
concentrations in the water, there is a negative correlation
with the enrichment ratio in the moss. The researchers
suggested that the uptake efficiency may be greater when
the element concentrations are low, but decrease as the
moss becomes saturated.
The nutrient needs of bryophytes are modest,
permitting them to live in habitats that are not particularly
inviting to algae. Often pollution that increases nutrients in
a stream is detrimental to bryophytes because of the
resulting increase in algal growth. In a New Zealand
stream, addition of nutrients from sewage caused enhanced
growth of the filamentous algae, with a concomitant
reduction in the bryophytes. On the other hand, in the
Kuparuk River, Alaska, Bowden et al. (1994) found that
addition of phosphorus enhanced the growth of both the
moss Fontinalis neomexicana (Figure 39) and several
Hygrohypnum species (Figure 6). P enrichment did not
seem to affect the distribution, abundance, or metabolism
of the moss Schistidium agassizii (Figure 40-Figure 41),
but Hygrohypnum alpestre (Figure 42) and H. ochraceum
(Figure 6) went from being rare to producing extensive
growths in these enriched reaches of the Kuparuk River
(Arscott et al. 2000).

Figure 38. Stream in central Canada showing leaf litter
accumulating behind rocks. Photo by Robert Berdan, with
permission.

In the Tyrolean Alps, Austria, Füreder et al. (2001)
found that a spring-fed system and a glacial-fed stream
differed in their seasonal peaks of nutrients. In the springfed stream, concentrations of suspended solids, nitrate, and
particulate phosphorus occurred during maximum
discharge during snowmelt in June. In the glacier-fed
stream, the high discharge occurred in summer, creating
strong diel (within 24 hours) fluctuations in flow and

Figure 39.
Fontinalis neomexicana, a species that
experiences enhanced growth with added phosphorus. Photo by
Faerthen, through Creative Commons.
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Figure 40. Schistidium agassizii, a species that seems to be
unaffected by addition of phosphorus. Photo by Andrew
Hodgson, with permission.
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populations, those in the middle course were Ca-enriched,
and the lower course populations had the highest
concentrations of N, P, K, and Na. These various
concentrations in the moss tissues were significantly
correlated with those in the water.
When the
concentrations in the water were high, the uptake was
slower, permitting a kind of acclimation to changing water
chemistry and avoiding deficiencies.
Meyer (1979 reported that the silty sediments had
maximum buffering capacity, with a higher phosphorus
buffering capacity in silty sediments than the in sandy
sediments in Bear Brook, New Hampshire. The microbial
community contributed little to the phosphorus-buffering
capacity of sediments.
Many things can reduce the nutrients available in
streams. Algae can be effective competitors for nutrients in
streams. For example, Tate et al. (1995) found that
approximately 90% of the phosphate injected into a stream
was rapidly assimilated by the green alga Ulothrix sp.
(Figure 43). Phosphates can be sorbed on iron oxides, thus
being removed from the water column and unavailable.

Figure 41. Schistidium agassizii, a species that did not
respond to addition of phosphorus in an Alaskan stream. Photo
by Michael Lüth, with permission.

Figure 43. Ulothrix sp., a genus that rapidly assimilates
phosphorus in Alaskan streams. Photo by Jason Oyadomari, with
permission.

Figure 42. Hygrohypnum alpestre, shown here with air
bubbles (pearling) that contribute to its gas exchange. This
species benefits greatly by addition of phosphates in an Alaskan
stream. Photo by Michael Lüth, with permission.

Nutrient concentrations may not be consistent within
the regions of a single stream or stream system. GarcíaAlvaro et al. (2000) demonstrated this when they examined
element concentrations and enrichment in Platyhypnidium
riparioides (Figure 3, Figure 19). They found that the
lowest element concentrations were in the headwater

In Arctic Alaska, Finlay and Bowden (1994) found
that the bryophytes Hygrohypnum spp. (Figure 6) and to a
lesser extent Fontinalis neomexicana (Figure 39) were
abundant in riffles that had been fertilized with phosphorus
in the Kuparuk River. They were much less common in
fertilized pools, and virtually absent in unfertilized reaches
of the river. They discovered what I have long suspected,
based on my observations, that in the presence of excess P,
they were limited by epiphytes on their leaves. But P is
typically low in streams, and in such cases P can be
limiting for the bryophytes. The differences in response of
Fontinalis neomexicana to P fertilization were more
pronounced in flowing water than in pools.
Samecka-Cymerman (1988) found that nutrients
separated the microhabitats of the mosses Fontinalis
antipyretica (Figure 37) and Platyhypnidium riparioides
(Figure 3, Figure 19).
Gametophyte length of F.
antipyretica correlated with potassium levels in the water,
total nitrogen, nitrate content in water, and nitrogen content
in plants. For P. riparioides, length and number of lateral
branches correlated with the potassium and phosphate
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levels in the water. Both have the ability to decompose
phenol and ethylene glycol; high levels of nitrogen
calcium, and magnesium give these two moss species
greater resistance to these two toxic chemicals. This ability
to decompose these two chemicals helps to purify the
water.
Steinman (1994) found that P enrichment in Sludge
Creek, Tennessee, USA, affected the N:P ratio in the leafy
liverwort Porella pinnata (Figure 44-Figure 45). With an
original P:N ratio of 1, both the P:C ratio and P:N ratio of
P. pinnata increased significantly when P was added to the
stream. In this case, the epiphytes did not increase
significantly, but Steinman suggested that snail grazing
may have prevented that.
Figure 46. Chattonella marina, an alga that takes up nitrates
in the dark. Photo from FWC, through Creative Commons.

Figure 44. Porella pinnata on cypress knees, a typical
habitat. Photo by Paul Davison, with permission.

Miyazaki and Satake (1985) concentrated their study
on inorganic carbon and nitrogen uptake by the leafy
liverworts Scapania undulata (Figure 1, Figure 4) and
Solenostoma vulcanicola (Figure 34-Figure 35).
Solenostoma vulcanicola may be the most acid-tolerant
species among the bryophytes. They likewise found that
these two species were able to use ammonium. Nitrate
uptake was less than ammonium uptake.
Their
experiments, including light and dark, suggest that at least
these liverworts use ammonium as their major N source,
and that it is less dependent on light than is C uptake.
Li and Vitt (1994) demonstrated that different species
have different responses to N and P gradients.
Concentrations of these nutrients affected regeneration
ability, establishment rates, and responses of establishment.
Some species were able to benefit initially by enrichment,
but then declined as other species increased.
Frahm (1975) found that Fontinalis antipyretica
(Figure 37) was the least tolerant of toxic pollutants and
Leptodictyum riparium (Figure 47-Figure 48) was the most
tolerant among five aquatic species. Interestingly, these
species were most tolerant of sodium and chlorine, but had
low tolerances for NH4+, Fe-, and PO43-.

Figure 45. Porella pinnata, a species in which the P:N ratio
increases significantly when P is added. Photo by Alan Cressler,
with permission.

Schwoerbel and Tillmanns (1974) found that
Fontinalis antipyretica (Figure 37) is able to assimilate
both nitrate and ammonium. It is unable to take up nitrate
in the dark, requiring energy, unlike the alga Chattonella
antiqua (see Figure 46) that is able to take up nitrates in the
dark, but at only 86% of the daytime rate (Nakamura &
Watanabe 1983).

Figure 47. Leptodictyum riparium, a species of shallow
water and that can get stranded above water; it is more tolerant
than most aquatic bryophytes of sodium and chlorine. Photo by
Scott Zona, through Creative Commons.
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Figure 48. Leptodictyum riparium, a species that is more
tolerant of sodium and chlorine than are most aquatic bryophytes.
Photo by Hermann Schachner, through Creative Commons.
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Figure 51. Cinclidotus danubicus, a species that does not
prefer very low nutrient levels. Photo by Michael Lüth, with
permission.

Vanderpoorten et al. (1999) found that Chiloscyphus
pallescens (Figure 49), Apopellia endiviifolia (Figure 50),
and Hygroamblystegium tenax (Figure 15) exhibited lownutrient preference in comparison to Hygroamblystegium
fluviatile (Figure 17), Cinclidotus danubicus (Figure 51),
C. riparius (Figure 52), and Fissidens crassipes (Figure
53).
Leptodictyum riparium (Figure 47-Figure 48),
Fontinalis antipyretica (Figure 37), and Platyhypnidium
riparioides (Figure 3, Figure 19) all had a broad trophic
range, but they occurred more frequently in eutrophic
(energy-rich) streams.

Figure 52. Cinclidotus riparius, a species that does not
prefer very low nutrient levels. Photo by Hermann Schachner,
through Creative Commons.

Figure 49. Chiloscyphus pallescens, a species preferring
low nutrient levels. Photo by Hermann Schachner through
Creative Commons.

Figure 53. Fissidens crassipes, a species that does not prefer
very low nutrient levels. Photo by Michael Lüth, with permission.

Figure 50. Apopellia endiviifolia, a species preferring low
nutrient levels. Photo by J. Claude, through Creative Commons.

Nutrient concentrations in streams change with the
seasons. In summer and autumn, concentrations of K, Fe,
P, and N increase, decreasing through winter and spring
(Martínez-Abaigar et al. 2002). Ca and Mg, on the other
hand, seemed to have random temporal patterns. The
bryophyte stem tips (4.5 cm) had a uniform ion
concentration response among the shoots, with the notable
exception of Ca. However, some species were deviants.
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Fontinalis antipyretica (Figure 37) had a higher N
concentration and F. squamosa (Figure 32) had a greater
accumulation of Fe.
Both species had increasing
concentrations of Ca, Mg, and Fe from the apex to base. N,
P, and K had the reverse pattern. This is consistent with
low solubility of Ca, Mg, and Fe, and their consequent nontransportability. On the other hand, N, P, and K are
soluble, and their higher concentrations at the apex is
consistent with their transport to growing regions.
During summer and winter low-flow conditions,
Chapman et al. (1996) added potassium and nitrate to a
small moorland stream in the headwaters of the River Wye,
Wales. In the summer, ~18% of added nitrate and 58% of
K was removed between the addition site and the
catchment outlet. During winter, nitrate depletion did not
seem to occur, and 93% of the K also passed through this
stretch, but at a slower rate. In this case, Sphagnum
(Figure 28) was considered a major contributor to the
removal of the nutrients through biological activity.
Christmas and Whitton (1998) actually found that
inorganic N and phosphate concentrations in the water
increased downstream in the Swale-Ouse River system,
north-east England.
They investigated P and N
relationships in Fontinalis antipyretica (Figure 37) and
Platyhypnidium riparioides (Figure 3, Figure 19). They
found that the variability in N and P concentrations were
greatest in the headwaters, but like that in the stream water,
inorganic N and phosphate concentrations in the mosses
increased downstream. But the N:P ratio in the mosses
changed, from 14.9 to 6.8 for F. antipyretica and from 12.5
to 5.5 for P. riparioides, suggesting that P was increased
proportionally more than N in these mosses.
Steinman and Boston (1993) found that Porella
pinnata (Figure 44-Figure 45) in Walker Branch,
Tennessee, USA had a significantly greater P uptake than
did periphyton at all sites and seasons. The biomassspecific rates of P. pinnata were greater in fall, whereas the
periphyton on the cobbles had their greatest biomassspecific photosynthesis and P uptake in winter and spring.
Núñez-Olivera et al. (2001) found relatively
unpredictable correlations between the concentrations of
the elements in the water and those in the bryophyte tissues
[Fontinalis antipyretica (Figure 37), F. squamosa (Figure
32), Jungermannia exsertifolia subsp. cordifolia (Figure
54-Figure 55), and Apopellia endiviifolia (Figure 50)].
Rather, the concentrations of N, P, K, Ca, Mg, Na, and Fe
in the bryophytes reflected a complex interaction of
internal and environmental factors, including the annual
growth cycle of the bryophytes, changes in sclerophylly in
Jungermannia exsertifolia subsp. cordifolia, and temporal
variation in the chemical features of the stream. For the
elements N, P, Na, and Fe, the lowest concentrations
typically occurred in spring and highest ones in autumn.

Figure 54. Jungermannia exertifolia ssp. cordifolia, a
species with unpredictable nutrient interactions. Photo by
Michael Lüth, with permission.

Figure 55. Jungermannia exertifolia ssp cordifolia, a
species with complex nutrient interactions, with Diptera larva.
Photo by Michael Lüth, with permission.

Suren (1996) examined 95 streams in South Island,
New Zealand. He suggested that geology, land use, and
water quality were among the factors influencing the type
of bryophyte communities that developed.
Early investigations on mineral nutrition in aquatic
bryophytes include those of Schwoerbel and Tillmanns
(1968, 1974, 1977). They determined that Fontinalis
antipyretica (Figure 37) assimilates both nitrate and
ammonium, but that no uptake occurs in the dark. This
uptake is facilitated by activity of nitrate reductase.

Temperature Effects
Although streams have much less temperature
variation than terrestrial habitats, they do have seasonal
differences. Stream bryophytes are protected by water that
cannot go below 0ºC without becoming ice. The ice itself
can serve as an insulator. We found that the water in our
study stream near Plymouth, New Hampshire, USA, stayed
at about 0.8ºC during the winter while snow was on the
ground.
Summer temperatures can be a bit more problematic.
Although our study stream rarely reached temperatures
above 20ºC, streams in the open or at lower latitudes can
exceed that temperature. Based on its distribution in both
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hemispheres, but not in tropical non-mountain sites, this
seems to be a limiting factor for species of the largely
aquatic moss Fontinalis (Figure 37) (Glime 1987a, b).
Biggs and Saltveit (1996) considered temperature,
along with light and nutrients, to be one of main factors to
govern biomass gain. As we might expect, temperature
affects different species differently. For example, in the
Kuparuk River, Alaska, USA, Arscott et al. (2000) found
that species of Hygrohypnum (Figure 6) were more
tolerant of temperatures above 20ºC than were the moss
Schistidium agassizii (Figure 40). Somewhat reflecting
their habitat differences, Hygrohypnum species had a
strong response to temperature and increased light, but
were susceptible to desiccation, whereas Schistidium
agassizii had little response to increases in light, recovered
rapidly from desiccation, but was inhibited by high
temperatures.
Sanford et al. (1974) found that in experiments at
temperatures above 26ºC some of the stem tips of
Hygrohypnum ochraceum (Figure 6) died, with no
survival after four weeks at 30ºC. On the other hand,
growth occurred at temperatures as low as 4ºC. Optimal
temperatures for growth ranged ~17-21ºC.
Fontinalis (Figure 37) species are among the more
truly aquatic bryophytes. Nevertheless, while they do not
thrive at high temperatures, they have a remarkable
resilience. Glime and Carr (1974) experimented with
maintaining Fontinalis novae-angliae (Figure 56) at a
range of temperatures up to boiling. Plants treated at 135ºC wet had at least some survival and new growth, but
most of those at the upper temperatures initially had brown
leaves that were eroded away by heavy flows.
Nevertheless, one clump of mosses that had been boiled 10
hours per day for 4 days produced a new green shoot that
was located one year later. While these conditions do not
exist in nature, they demonstrate the resilience of these
stems.
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at which temperatures rose in the spring and dropped in the
autumn. The maximum daily amplitude was 6.6, 4.1, and
11.6ºC. These patterns resulted in degree-days of 400, 950,
and ~1000. The tundra stream, which is about 450 km
farther north than the two subarctic streams, accumulated
more degree-days, had higher maximum and mean
temperatures, greater daily temperature amplitude, and
steeper slopes of vernal temperature rise and autumnal
temperature decline than the two subarctic streams. Irons
and Oswood attributed the higher temperatures and greater
variability in the tundra stream to the lack of a canopy.
Climate change can have a significant impact on the
temperatures of stream waters. Leith and Whitfield (1998)
compared historic records in south-central British
Columbia, Canada. They found that spring runoff started
earlier, late summer-early fall flows were lower, and early
winter flows were higher when the climate was warmer.
As we might expect, this pattern is similar to that of
streams at a lower latitude.
One of the consequences of increased temperatures is
the reduction of dissolved CO2 in the water (Cappelletti &
Bowden 2006). Soluble reactive phosphorus will also
likely increase in the Arctic, since higher temperatures
increase solubility.
Ceschin et al. (2012) determined that aquatic
bryophytes in the Tiber River basin, Italy, preferred cool
water with a mean of ~15ºC. But as expected, preferences
differ by species. Palustriella commutata var. commutata
(Figure 57), Cratoneuron filicinum (Figure 11), Fissidens
bryoides (Figure 58), and Cinclidotus aquaticus (Figure
59) prefer temperatures below 12ºC.
Fontinalis
antipyretica (Figure 37) has a wide ecological niche.
Leptodictyum riparium (Figure 47-Figure 48) and Riccia
fluitans (Figure 60) prefer quiet water, and we can expect
them to experience a rather wide temperature range.

Figure 56. Fontinalis novae-angliae with capsules from a
stream in New Hampshire, USA. This species can survive up to
boiling temperatures through its stem tissue, but the leaves
quickly lose color above 20ºC. Photo by Janice Glime.

Alaskan streams seldom reach high temperatures.
Irons and Oswood (1992) recorded temperatures of three
streams in the Brooks range.
The mean annual
temperatures were 1.1, 2.3, and 2.9ºC, with maxima of 5.8,
13.0, and 21.4ºC. There were wide differences in the rates

Figure 57. Palustriella commutata var. commutata, a
species preferring temperatures below 12ºC. Photo by Malcolm
Storey, with online permission.
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Figure 58.
Fissidens bryoides, a species preferring
temperatures below 12ºC. Photo by Bob Klips, with permission.

Figure 59. Cinclidotus aquaticus, a species preferring
temperatures below 12ºC. Photo by Hermann Schachner, through
Creative Commons.

and biomass of the stream macrophytes. Forest cover
contributes to light reduction and alters light quality by
absorbing proportionally more red light, leaving the
transmitted light with more green proportionally. For
example, Tiffett (1969) found that light reaching the stream
bed through overhanging trees had only 20-30% of incident
light intensity. When canopy cover was at its fullest in
summer, only 4-6% of the light reached the stream bed.
Suren (1996) found that land use practices can alter
light regimes. Typically, those in developed catchments
receive more light that those in undeveloped catchments
(Beschta & Taylor 1988; Collier et al. 1995). Bryophytes
are typically shade plants with low light compensation
points (Martin & Churchill 1982; Longton 1988),
permitting the to survive in shaded forest streams (Suren
1992, 1993; Naiman 1983). But they can also acclimate to
high light conditions by producing secondary pigments
(Glime 1984; Glime & Vitt 1984; Núñez-Olivera et al.
2010). Suren (1993) documented this adaptability by
observing similar bryophyte biomass in shaded and
unshaded streams in the central southern Alps.
Light penetration is higher at 700 nm in laminar flow
than at 470 nm (Swatland 2020). Turbulence changes the
penetration, intensity, and quality of light in water. It
causes more, shorter, and less intense peaks of light than
that found with laminar flow. Bubbles make lenses that
can create shadows, with smaller bubbles creating larger
shadows than large bubbles.
Using shading cloth that reduced light by 75%,
Ceneviva-Bastos and Casatti (2014) experimented with
light effects on the food web structure of a deforested
pasture stream in Brazil. They found that the shade favored
the growth of bryophytes and pteridophytes, particularly at
the land-water interface.
As already noted, Núñez-Olivera et al. (2010) found
that UV radiation varied seasonally, and that several UVprotective compounds likewise varied with those seasons.

Seasonal Changes

Figure 60. Riccia fluitans, a species of quiet water that often
has a wide temperature range. Photo by Christian Fischer,
through Creative Commons.

Light
Abou-Handman et al. (2005) have demonstrated that
light is an important factor in determining the composition

The seasons change a number of stream parameters, as
we have seen. Ice covered with snow can block the light in
a pool area, whereas open flow may receive high light
intensities due to loss of foliage on the trees and reflection
from the surrounding snow. Anchor ice can remove huge
areas of bryophytes, leaving the stream barren in some
areas.
One of the changes that may have an impact on
bryophytes is the winter blooms of diatoms in streams
(Hynes 1970). The winter species are typically in the
genera Achnanthes (Figure 61), Meridion (Figure 62),
Gomphonema (Figure 63), Navicula (Figure 64), and
Diatoma (Figure 65). In a northern Michigan, USA,
stream, Vacco (1978) found the predominant taxa to be
Cocconeis (Figure 66) and Meridion. In another Upper
Peninsula, Michigan, stream, Diatoma reached numbers
that hid the mosses in early March (Glime unpublished). In
a New Hampshire, USA, stream, my students and I found
mostly Tabellaria (Figure 67) and Fragilaria (Figure 68)
(unpublished), similarly blanketing and hiding the mosses.
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Figure 64. Navicula sp., a typical winter stream diatom.
Photo from Phyto'pedia, through Creative Commons.

Figure 61. Achnanthes, a typical winter stream diatom.
Photo from Manaaki Whenua – Landcare Research, with online
permission.

Figure 62. Meridion circulare, a typical winter stream
diatom. Photo by Yuuji Tsukii, with permission.

Figure 63. Gomphonema sp., a typical winter stream
diatom. Photo from Manaaki Whenua – Landcare Research, with
online permission.

Figure 65. Diatoma vulgaris, a typical winter stream
diatom. Photo by Yuuji Tsukii, with permission.

Figure 66. Cocconeis sp., a common winter and summer
diatom on bryophytes in the Upper Peninsula of Michigan, USA.
Photo by Manaaki Whenua – Landcare Research, with online
permission.
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Figure 67. Tabellaria flocculosa, a common winter and
summer diatom on bryophytes in the Upper Peninsula of
Michigan, USA. Photo by Jason Oyadomari, with permission.

Figure 68. Fragilaria sp., a common winter and summer
diatom on bryophytes in the Upper Peninsula of Michigan, USA.
Photo from Manaaki Whenua – Landcare Research, with online
permission.

In a Tennessee USA woodland brook, Steinman and
Boston (1993) demonstrated that even the bryophytes have
seasonal changes in biomass and percent cover (Figure 69).
Biomass is often reduced by ice flow and silt in the water.
The greatest biomass occurred in September and the least
in January. Bryophyte abundance peaked late in the
summer, then was reduced by a severe winter storm
(Steinman & Boston 1993). Ice breakup and increased
flow can greatly decrease bryophyte abundance and
biomass. For Porella pinnata (Figure 44-Figure 45), the
biomass-specific rates of photosynthesis and phosphorus
uptake were greater than those of periphyton in autumn.
But in winter and spring the biomass-specific rates of the
periphyton on cobbles exceeded that of the bryophytes.

Figure 69. Bryophyte cover and dry mass by season in
Walker Brook, Tennessee, USA. Modified from Steinman &
Boston 1993.

In an unforested headwater stream, Bryum
pseudotriquetrum (Figure 70) and Fontinalis antipyretica
(Figure 37) showed seasonal variability of the
photoprotection system (Núñez-Olivera et al. 2010). But
the changes in environmental factors did not completely
explain the photoprotection changes. Although variables
including water temperature, stratospheric ozone
(providing an atmospheric shield against UV), UV-A, and
UV-B had distinct seasonal variation, only a few
physiological variables were seasonal. Both species did
exhibit seasonal variation in xanthophyll cycle activity and
UV absorbance compounds. Physiological parameters such
as the sclerophylly index [calculated as quotient between
dry mass (dried at 80ºC for 24 h) and surface area of
prostrate bryophyte apex onto the horizontal plane] and
chlorophyll fluorescence parameters showed less
relationship to seasons. For B. pseudotriquetrum, UVprotective compounds were positively associated with
radiation levels, but in F. antipyretica, these
photoprotective mechanisms did not correlate with any
measured environmental variable. This suggests that the
two species use different photoprotection mechanisms, with
different environmental regulators.

Figure 70.
Bryum pseudotriquetrum, a species with
seasonal variation in its photoprotection system. Photo by
Hermann Schachner, through Creative Commons.
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Summary
The pH of water is mainly determined by the
substrate, but pollution can contribute, especially to
lowering it. The pH affects the response of bryophytes
to dissolved ions, especially heavy metals, by affecting
solubility and uptake. Ions like Ca2+ and Mg2+ can
buffer the water and help to lessen pH fluctuations. The
pH can be a major determinant of the bryophyte flora in
the streams, with almost all disappearing at pH below
4.0. Solenostoma vulcanicola is a leafy liverwort
tolerant of some of the lowest pH levels.
But perhaps the most important effect of pH is on
the concentration of CO2 in the water, with bicarbonates
increasing above pH ~6 to the exclusion of free CO2.
The CO2 also escapes from the water as a gas, but
remains in the water longer in cold water. A further
complication for the bryophytes is overcoming the
boundary-layer resistance, a phenomenon that is
affected by bryophyte growth form. In addition to
contributions of CO2 from acidic rocks, microbial CO2
is an important contributor. The mosses might be able
to use a diving bell to exchange photosynthetic O2 for
CO2 that is dissolved in the water.
Nutrients enter the stream from bedrock, but
mostly from runoff, and are carried downstream by
flow. Some leaf litter may remain to provide nutrients
through decomposition. Bryophytes are able to store
some nutrients for later use, some metals are bound in
the cell walls, and others remain in relative equilibrium.
Bryophytes have low nutrient needs; high nutrients
favor algae and tracheophytes that can out-compete the
bryophytes for light and space. On the other hand,
streams are often phosphorus-limited even for at least
some bryophytes.
Temperatures above 15-20ºC are detrimental to
many aquatic bryophytes. This is primarily due to the
greater increase of respiration compared to that of
photosynthesis. At higher temperatures, the CO2
dissolved in the water diminishes, limiting
photosynthesis.
Water absorbs red light rapidly, leaving deeper
waters with a greater proportion of green and blue light.
Since red light is important for photosynthesis, this
presents another limiting factor.
Bubbles and
turbulence affect the water quality and intensity
reaching the submersed bryophytes.
Bryophyte cover changes seasonally in response to
light intensity, nutrient availability, scouring, and
temperature.
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